Chlamydia trachomatis LGV-434 was grown in HeLa 229 cells. Benzylpenicillin completely inhibited the formation of infectious elementary bodies (EBs) at a concentration of 19 pmol/ml or higher and produced abnormally large reticulate bodies (RBs) in the inclusions at 30 pmol/ml or higher. The Chlamydiae are obligate intracellular bacteria that have a genome one-eighth that of Escherichia coli and three times that of bacteriophage T4 (22). Chlamydiae multiply in vacuoles in the cytoplasm of host cells by a unique developmental cycle characterized by change of the infectious, but nonreplicative, elementary body (EB) to the replicative, but noninfectious, reticulate body (RB) (33). After initiating the infection, the EB converts to the RB which then multiplies by binary fission for approximately 18 to 24 h. At that time, they reorganize without another division into EBs. The smaller EB has a cell envelope that is more rigid and more stable extracellularly than that of the larger RB (33). Both developmental forms have, like gram-negative bacteria, an inner and outer membrane. The nature of the space between the two membranes, which in gram-negative bacteria is occupied by peptidoglycan, has not been completely defined. Manire and Matsumoto found a regularly arrayed layer in EBs, but not in RBs (25, 27, 29) . However, the reports of Garrett et al. (13) and Manire and Tamura (26, 39) of an absence of muramic acid in these organisms suggest that this or any other layer is not murein. This apparent major difference from eubacteria in cell wall constituents is not accompanied by an absence in chlamydiae of susceptibility to penicillin. Although chlamydial infections are not generally treated with beta-lactam antibiotics, studies of both laboratory animals and tissue culture systems have shown that chlamydiae are inhibited in their growth by penicillin (10, 17, 19, 24, 28, 35, 40, 41, 43) . The mechanisms of these actions are not known, however. In addition, most of the detailed studies of the effect of penicillin on chlamydiae have used Chlamydia psittaci. C. psittaci resembles C. trachomatis in morphology and its developmental cycle, but these two species share only 11% DNA homology (23, 44) .
Chlamydiae are obligate intracellular bacteria that have a genome one-eighth that of Escherichia coli and three times that of bacteriophage T4 (22) . Chlamydiae multiply in vacuoles in the cytoplasm of host cells by a unique developmental cycle characterized by change of the infectious, but nonreplicative, elementary body (EB) to the replicative, but noninfectious, reticulate body (RB) (33) . After initiating the infection, the EB converts to the RB which then multiplies by binary fission for approximately 18 to 24 h. At that time, they reorganize without another division into EBs. The smaller EB has a cell envelope that is more rigid and more stable extracellularly than that of the larger RB (33) . Both developmental forms have, like gram-negative bacteria, an inner and outer membrane. The nature of the space between the two membranes, which in gram-negative bacteria is occupied by peptidoglycan, has not been completely defined. Manire and Matsumoto found a regularly arrayed layer in EBs, but not in RBs (25, 27, 29) . However, the reports of Garrett et al. (13) and Manire and Tamura (26, 39) of an absence of muramic acid in these organisms suggest that this or any other layer is not murein. This apparent major difference from eubacteria in cell wall constituents is not accompanied by an absence in chlamydiae of susceptibility to penicillin. Although chlamydial infections are not generally treated with beta-lactam antibiotics, studies of both laboratory animals and tissue culture systems have shown that chlamydiae are inhibited in their growth by penicillin (10, 17, 19, 24, 28, 35, 40, 41, 43) . The mechanisms of these actions are not known, however. In addition, most of the detailed studies of the effect of penicillin on chlamydiae have used Chlamydia psittaci. C. psittaci resembles C. trachomatis in morphology and its developmental cycle, but these two species share only 11% DNA homology (23, 44) .
Penicillin seemed to us, therefore, to be a useful tool for studying both the developmental cycle of Chlamydia spp. and the nature of their unique cell envelope. Our studies to date of C. trachomatis have shown that EB and RB cells of this strain have three proteins that bind penicillin. RB cells stop dividing and do not convert to EBs in the presence of very low concentrations of penicillin. We have, in addition, confirmed that muramic acid is undetectable in these organisms.
MATERIALS AND METHODS Organism and growth conditions. C. trachomatis strain LGV-434 (L2 serotype) was used. Chlamydiae were grown in monolayers of HeLa 229 cells in Eagle minimal essential salts medium supplemented with 10% fetal calf serum (MEM-10) as described previously (7) .
Purification of chlamydiae. EBs were purified by centrifugation in discontinuous Renografin gradients (7) . RBs We also estimated the MIC by the criteria of inhibition of infectivity. Cells were incubated with penicillin as described above except that 75-cm plastic flasks (Corning Glass Works, Corning, N.Y.) were used in place of chamber slides. Chlamydiae were added at an IFU-to-cell ratio of 1 and absorbed to cells for 90 min at 37°C. Monolayers were washed twice with Hanks balanced salt solution and fed with MEM-10 containing the same concentration of penicillin. After 48 h of incubation, the cultures were harvested separately, and the IFUs recovered from each culture were determined. The MIC by the infectivity assay was the lowest concentration of antibiotic that resulted in 100% inhibition of infectivity, i.e., no detectable IFUs. Binding of labeled penicillin to EBs and RBs. The binding method was a modification of that used by Spratt (37) . Samples (150 pAl each) of the suspensions of purified EBs or RBs in SPGS at protein concentrations of approximately 0.5 mg/ml were mixed with 15 pul of labeled penicillin in serial twofold dilutions. After 20 min of incubation of the whole cells with labeled penicillin at 35°C, 5 p.l of unlabeled penicillin (100 mg/ ml) was added, followed by 15 Preliminary studies had shown a linear relationship between the amount of labeled penicillin added to a HeLa cell culture and the amount associated with the cells over a concentration range of 0.5 to 50 nmol/ml. Addition of unlabeled penicillin (500 nmol/ml) to each sample did not alter this relationship. When we incubated HeLa cells with 50 nmol of [14C]benzylpenicillin per ml (1.5 ,uCi/ml), the radioactivity associated with the washed cells was 1,424 (±30) cpm at O h (i.e., immediately washing the cells after the addition of penicillin), 2,375 (±168) cpm at 5 h, and 4,764 (±223) at 23 h. These values corresponded to 22, 57, and 93 pmol of labeled penicillin, respectively. The mean total cell volumes were 1.9, 2.1, and 1.5 p.l for the 0-, 5-, and 23-h samples. We assumed that the zero time value did not represent intracellular penicillin and, therefore, subtracted this "background" concentration from the 5-and 23-h values. The corrected intracellular concentrations were 15 and 52 nmol/ml, respectively.
Penicillin susceptibility. In Fig. 2 are light photomicrographs of Giemsa-stained preparations ( Fig. 2A and B) and phase-contrast photomicrographs of osmium tetroxide-fixed preparations ( Fig. 2C and D) of infected HeLa cells. Frames A and C of Fig. 2 show untreated cells. The intracellular vacuoles contain numerous small, dense EBs. In contrast, infected HeLa cells exposed to 30 pmol of penicillin per ml for 42 h have only vacuoles that appear either empty or to contain only a few very large structures ( Fig. 2B and D) . The MIC by morphological criteria w?s 30 pmol/ml. At 13 pmol/ml, a partial effect was seen; at least 20% of the vacuoles were abnormal. Figure 3A shows the reduction of infectivity at various concentrations of penicillin. The MIC by this criterium was 19 pmol/ml; there were no detectable IFUs. From the graph it can be seen that the penicillin concentration that would be expected to reduce the IFUs by 50% is approximately 4 pmol/ml.
We determined the time period during which penicillin could be added to cultures after initiation of infection and still inhibit production of IFUs by that culture. Figure 3B shows the results of this experiment. The penicillin concentration was 60 pmollml. Penicillin completely inhibited formation of IFUs, i.e., EBs, for up to 14 h. Thereafter, the effect waned. However, even at 55 h the treated culture had fewer IFUs than the parallel untreated culture. We also incubated purified EBs with 3, 30, 310, and 3,100 pmol of penicillin per ml in SPGS for 15 min at 37°C. The penicillin was removed by centrifuging and washing with buffer. The EBs were then planted on HeLa cells at an IFUto-cell ratio of 1. After 48 h of incubation, the number of IFUs was determined, and the chamber slides were Giemsa stained. A parallel, untreated culture was also examined in this way. There were no atypical vacuoles noted, and there was no reduction in IFUs at any concentration of penicillin. Thus, any penicillin which bound to EBs did not affect infectivity or transition to RBs.
Binding of labeled penicillin to PBPs. Both EBs and RBs had three PBPs associated with the Sarkosyl-soluble fraction of whole cells (Fig. 4) . The apparent subunit molecular weights, when assessed by addition of molecular weight standards to the gel, were 88,000 (PBP 1), 61,000 (PBP 2), and 36,000 (PBP 3). Figure 5A com The percentages of total radioactive penicillin bound to individual PBPs at a concentration of 50 pmolUml were estimated by densitometry. In RBs, 19, 20, and 61% bound to PBPs 1, 2, and 3, respectively. In EBs, the corresponding values were 26, 15, and 59%.
Amino acid and muramic acid analysis. Table 2 shows the results of amino acid and muramic acid analyses. When muramic acid or DAP was applied to the amino acid analyzer, the minimum amount of either of the acids that could be reliably detected was 0.1 ,ug. Samples 500 ,ug in weight were hydrolyzed and analyzed. Therefore, the muramic acid and DAP contents of either RB or EB cells were less than 0.02%. Although, as expected, the proportions of muramic acid and DAP increased in the SDSinsoluble fractions of E. coli and N. gonorrhoeae, these two substances still were not detected in C. trachomatis. C. trachomatis was also remarkable for the low content of total amino acids in the residue.
We thought that chlamydiae might have an autolytic system which could result in breakdown of peptidoglycan and loss of its constituents during the isolation and purification of chlamydiae. To assess this, chlamydiae-infected and noninfected HeLa cells were suspended in boiling 2% SDS following brief sonication and centrifugation (100,000 x g for 30 min at 4°C). Amino acid analysis of the twice-extracted, SDS-insoluble residues did not reveal muramic acid or DAP in either infected HeLa cells or, as expected, in noninfected cells. These substances were detected, however, in a positive control, HeLa cells to which E. coli K802 had been added before SDS extraction (data not shown).
DISCUSSION
Hamre and Rake first demonstrated that penicillin could protect embryonated eggs from infection with C. trachomatis and C. psittaci (17) . Chlamydiae were added at an IFU-to-cell ratio of 1 at 0 h. IFUs were determined 62 h later.
Other investigators have since confirmed the efficacy of penicillin in inhibiting division of chlamydiae in both yolk sac cultures (10, 35, 43) and tissue cultures (19, 24, 28, 40, 41) .
We estimated the uptake of penicillin by HeLa cells before attempting interpretation of the results of susceptibility experiments. Eagle reported the uptake by HeLa cells of approximately 80% of 3 S-labeled penicillin in the media (8) . In our studies, we found that the intracellular concentration of [14C]benzylpenicillin was 30 and 104% of the extracellular penicillin concentration after 5 and 23 h, respectively. The uptake of penicillin, at least by HeLa cells after 5 h or more, appears to be substantial. The true MIC values, i.e., the minimal inhibitory concentrations inside the HeLa cells, were, therefore, probably no less than 50% of the extracellular MIC values listed above.
The data indicated that C. trachomatis LGV-434 in HeLa cells was susceptible to very low concentrations of penicillin. Complete inhibition of infectivity was seen at 19 pmol/ml. Partial inhibition of the production of IFUs occurred at a fourfold-greater dilution. The MIC by morphological criteria was approximately the same as the MIC by the criteria of inhibition of infectivity. The former assay demonstrated inhibition of division, but apparently not of growth, of individual RBs; only very large forms were seen. In the latter assay we assessed production of the infectious EBs. The sensitivity of the assay for IFUs was such that it would have likely detected unconverted EBs persisting from the original inoculum. It appears then that penicillin did not block conversion of EBs to RBs. We have PBPs OF CHLAMYDIA TRACHOMATIS  425 confirmed, then, other reports of the two aspects of the action of penicillin on chlamydiae, i.e., inhibition of RB division and of conversion of RBs to EBs (24, 28, 40) . However, we could not discern whether the two effects could be dissociated. It is possible that RBs could divide yet be blocked in conversion to EBs. Tamura and Manire had shown that the effect of penicillin on formation of IFUs of C. psittaci waned with increasing intervals of time between initiation of infection of tissue culture cells and addition of penicillin (39) . The same phenomenon occurred in C. trachomatis. After 14 h, the inhibitory effect of penicillin decreased. This time period corresponds to the number of hours before the first appearance of EBs in vacuoles (33) . The failure of presumably bound penicillin to alter the infectivity of EBs once the antibiotic had been removed from the media also showed the lack of discernible effect of penicillin on EBs. However, this resistance is probably attributable to the nonreplicative nature of EBs. Eagle and Musselman demonstrated that prolonged incubation of penicillin with Staphylococcus aureus cells in stationary phase did not affect subsequent division of the cells once penicillin was removed and growth medium was reintroduced (9) .
C. trachomatis had three PBPs in both the RBs and EBs. The absence of these PBPs in preparations of cells that had been first boiled, solubilized with SDS, or incubated with excess (37) .
Comparison of PBPs of C. trachomatis with PBPs of other bacteria also shows that the number of PBPs, their approximate molecular weight, and the percentages of total bound penicillin for each of the three PBPs are similar in C. trachomatis and N. gonorrhoeae (2, 14) . These two organisms also share similar cell shapes and ecological niches and as much apparent DNA homology as apparently exists between C. psittaci and C. trachomatis (23, 44) . N. gonorrhoeae differs from C. trachomatis in having a genome approximately twice the size of C. trachomatis, in being capable of extracellular growth, and in having detectable muramic acid in its cell envelope. The lack of muramic acid in C. trachomatis, as well as in C. psittaci (13, 26, 39) , also distinguishes chlamydiae from all other eubacteria (11, 45) . Archaebacteria have been separated from eubacteria primarily on the basis of rRNA relatedness, but archaebacteria are also notable for their lack of muramic acid (11, 45) . To our knowledge, the rRNA of any chlamydial species has not been studied in regard to its relatedness to other bacteria. However, from antibiotic studies of C. trachomatis which show susceptibility of these organisms to chloramphenicol (1, 41) , it appears that the translation apparatus in chlamydial cells is eubacterial, and not archaebacterial, in nature (45) . The penicillin susceptibility of chlamydiae also contrasts with the lack of susceptibility to beta-lactam antibiotics shown by such archaebacteria as Halobacterium spp. and Methanococcus spp. (21, 30) . Chlamydiae are also susceptible to cycloserine; this effect is antagonized by D-alanine (31) .
Thus, chlamydiae are probably eubacteria, but the absence of detectable muramic acid makes this genus unique. It is possible that there is a small amount of muramic acid in the chlamydial cells as the reports of Jenkin (20) toplasmic membrane (6, 15 ). Yet, a strain of this species had at least 50 times as much muramic acid in its SDS-insoluble fraction as C. trachomatis. We would predict that an organism such as C. trachomatis that has a smaller cell volume than E. coli would require even more muramic acid, on a weight basis, to cover its surface than E. coli would.
Another aminosugar may take the place of muramic acid in a chlamydial peptidoglycan. However, the spherical envelopes that comprise the Sarkosyl-insoluble fraction of C. trachomatis EB are completely disrupted when immersed in SDS (7). This is not the case with E. coli; a rod-shaped sacculus remains after SDS treatment (34, 42) . Garrett et al. (13) and Caldwell et al. (7) have suggested that the shape and rigidity of the EB envelope may be determined by a material, possibly protein, that is neither peptidoglycan nor an analogous polymer of aminosugars. This suggestion is similar to that of Henning (18) who has proposed that the outer membrane of E. coli is the shape-determining structure of this species (16, 36) . An extension of these proposals is that a tetrapeptide, analogous to that found in peptidoglycan and predictably containing D-alanine (3), cross-links a protein or lipoprotein layer in C. trachomatis. There is some basis for suggesting this; in E. coli, the tetrapeptide is covalently bound, not only to muramic acid and other tetrapeptides, but also to Braun's lipoprotein (5) . However, if a chlamydial protein layer were extensively and covalently cross-linked, we would expect it not to be readily disrupted by SDS, and as a consequence, the SDS-insoluble residue should have a higher amino acid content than that found in C. trachomatis in the present study. The lack of evidence of cross-linking of either a muramic acid-containing layer or a protein layer suggests to us that penicillin, when it inhibits the division of chlamydiae, is acting on a target not necessarily involved in transpeptidation reactions. Although the role of this target (or these targets) in chlamydial division and cellular reorganization remains to be determined, C. trachomatis would appear to be a useful model for studying the effect of penicillin on bacterial cell division.
